Two-dimensional terahertz photonic crystals were manufactured from Si using deep reactive ion etching. Arrays of square holes with widths of 80 ͑100͒ m and lattice constants of 100 ͑125͒ m were etched through 500-m-thick wafers with high resistivity. Stop bands with transmittance Ͻ1% and widths Ͼ200 GHz were observed near 1 THz for light with an electric field vector in the plane of the wafers ͑TE polarization͒. The observed stop bands are close to TE photonic band gaps predicted by a two-dimensional calculation. 1 These waveguides and cavities can be on the order of a wavelength. There has been much work on fabricating photonic crystals for frequencies below 100 GHz and for infrared and optical frequencies.
Recent advances in THz detection and generation are leading to new technologies for imaging, communications, and chemical detection. 13, 14 Filters, waveguides, and cavity resonators based on THz PCs may become important components of emerging THz technology.
In this letter, we report the fabrication of twodimensional ͑2D͒ THz PCs made by deep reactive ion etching ͑DRIE͒ in Si. DRIE enables the etching of Si with vertical sidewalls and high aspect ratios. 15 Unlike anisotropic wet etching, DRIE is not limited to crystallographic planes. 16 This will make possible the fabrication of THz PC structures with circular holes and fractional edge dislocations. 17 The PC were made from high-resistivity ͑8-9 K⍀ cm͒ 500-m-thick Si wafers. High-resistivity Si is transparent at THz frequencies with an index of refraction of 3.42. 18 Square holes with widths w of 80 ͑100͒ m were etched through the wafer using DRIE ͑see Fig. 1͒ . The holes were arrayed in a square lattice with a lattice constant a of 100 ͑125͒ m that consisted of 10 by 100 ͑80͒ unit cells. The sample size was 8 by 11 mm. THz radiation was coupled into the edge of the sample, which served as a slab waveguide.
The first step in the fabrication was to deposit 4.5 m of SiO 2 by plasma-enhanced chemical vapor deposition on the Si wafers for use as a hard mask during the DRIE. Next, 250 nm of Ni were evaporated for use as a mask during the etching of the SiO 2 hard mask. The Ni mask was made by contact photolithography and a Ni wet etch. Conventional RIE was used to etch the SiO 2 to produce the hard mask for the DRIE. Afterwards, the Ni was completely removed by immersion in the Ni etchant. The wafers were bonded with resist to a 4-in. SiO 2 -coated carrier wafer, and the DRIE was performed by a Plasma-Therm™ 770-ICP. After the DRIE, the wafers were removed from the carrier wafer with acetone, and the remaining SiO 2 was removed with HF.
Transmission spectra were measured with a Bruker IFS 66vs Fourier transform infrared spectrometer ͑FTIR͒. An 8-9 K⍀ cm Si wafer was cleaved to the approximate dimensions of the samples and was used as a reference. Light was coupled into the edge of the samples by a 2D Winston concentrator. 19 Another 2D Winston concentrator recollimated light that exited the other edge. A piece of THz absorbing foam was pressed against each side of the sample. This eliminated any path for stray light to travel through both Winston concentrators without traveling through the sample. Parabolic f /4.5 mirrors were used to focus and collect the light from the Winston concentrators. A wire grid polarizer was placed between the exiting Winston concentrator and the nearest mirror in the FTIR to distinguish between the TE and TM modes. A cold low-pass filter with a 3-dB cutoff of 60 cm Ϫ1 was placed in front of a composite Si bolometer detector. Figure 2 shows spectra of power transmitted through the reference and the aϭ100-m sample for TE and TM polarizations. The general shape of the spectra represents a convolution of the intensity spectra emitted by the FTIR source with the transmittance of the samples, the beam splitter, and a͒ Electronic mail: njukam@physics.ucsb.edu filters. A small dip in the TM spectrum ͓Fig. 2͑b͔͒ is observed at 0.83 THz that is not present in the TM reference spectrum ͓Fig. 2͑a͔͒. When the polarizer is rotated to select the TE modes, a large stop band in the spectrum of the PC is observed near 1 THz in Fig. 2͑d͒ that is not present in the TE reference spectrum ͓Fig. 2͑c͔͒. The TE transmittance spectra ͑sample/reference͒ of the aϭ125-m and aϭ100-m samples are shown in Fig. 3 . A stop band in which the transmittance dips to Ͻ1%, is visible for both samples. The band diagrams of a square 2D lattice with square holes and w/aϭ0.8 were computed using the MIT PhotonicBands™ software. 20, 21 The first and second TE and TM bands of the 2D PC are shown in Fig. 4 . The structure has a TE band gap with a width of 0.10 c/a, and a very small TM band gap with a width of 0.004 c/a. In the ⌫-X direction, the direction of propagation for these experiments, the structure has a TE gap extending from 0.21 c/a to 0.41 c/a and a smaller TM gap extending from 0.20 c/a to 0.26 c/a. The calculated 2D TE gap in the ⌫-X direction and the total TE gap for both samples are shown as lines in Fig. 3 for comparison.
For both samples, the stop bands are close to the predicted values for the total TE gaps. However, the THz radiation propagated mostly in the ⌫-X direction. Thus, the stop band is expected to correspond to the ⌫-X band gap, which extends to lower frequencies. From the f /number of the beam and the air-Si index mismatch, we estimate the range of angles sampled from the ⌫-X direction in the plane of the wafer is 2°.
The dip at .83 THz in the TM spectra in Fig. 2͑b͒ may correspond to the smaller TM gap. Interestingly, this dip is near the lower edge of the TE stop band. This would be expected from Fig. 4 , because the ⌫-X TM gap is close to the lower ⌫-X TE band edge. However, both the TM dip and the lower stop-band edge occur at higher than expected frequencies.
We attribute the discrepancy between the predicted 2D gaps and measured stop bands to two factors. The first, which we believe is the most important, is that the samples were made of 500-m-thick wafers in order to have sufficient throughput. At THz frequencies, these wafers support several slab waveguide modes that have a component of the wave vector k z perpendicular to the plane of the waveguide. a solution to Maxwell's equation, with an increased frequency Јϭs. The bands for the higher-order slab modes, which have lower values of n eff , will be shifted up in frequency from the bands of the 2D model. This will increase the lower edge of the stop band. The upper edge of the stop band will not be affected since for lower-order slab modes kϷ␤, and the bands for the higher-order modes all shift upward. Thus, one may expect multimode propagation will increase the stop-band's lower edge, and decrease the stopband's width. Second, the DRIE was observed to round the corners of the square holes as the etch progressed. Thus, the geometry of the sample is not exactly that of the model.
In conclusion, we have demonstrated the feasibility of using DRIE to fabricate Si photonic crystals for THz frequencies. Stop-bands for TE-polarized light, with transmittance Ͻ1%, were observed from 0.89-1.14 THz and 0.83-1.06 THz for photonic crystals with periods of 100 and 125 m, respectively.
